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(67)  The invention relates to an electronic circuit
(100) for controlling charging of a piezoelectric load
(190). The electronic circuit comprises a charge pump
(111) configured to supply a charging current to the pie-
zoelectric load dependent on a charge control signal
(131), a measurement circuit (113) configured to obtain
a load voltage corresponding to a terminal voltage at a
load terminal of the piezoelectric load, a comparator cir-
cuit (114) configured to compare an adjustable reference
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voltage with the load voltage. The electronic circuit is
configured to determine the charge control signal de-
pendent on the comparison so that the control signal con-
trols delivery of the charging current dependent on the
comparison. The electronic circuit is further configured
to set the adjustable reference voltage to a target voltage
and to set the adjustable reference voltage to a low limit
voltage, being lower than the target voltage, after the load
voltage has reached the target voltage.
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Description
FIELD OF THE INVENTION

[0001] The invention relates to electronic circuits for
controlling charging of capacitive loads, particularly pie-
zoelectric loads and piezoelectric loads arranged as ac-
tuators for a deformable lenses.

BACKGROUND OF THE INVENTION

[0002] Piezoelectric loads, e.g. piezoelectric ele-
ments, are normally powered by a charge pump or cur-
rent amplifier. There are several challenges involved in
connection with controlling charging of piezoelectric
loads, and capacitive loads in general. One challenge
relates to controlling the piezoelectric load in order to
control the elongation or contraction of the piezoelectric
load.

[0003] Control of the elongation or contraction of a pi-
ezoelectric load is important for applications where the
piezoelectric load is used for actuating deformable lens-
es, e.g. lenses which are used for imaging purposes. In
order to obtain a high image quality, e.g. sharpness of
the image, the lens must be deformed predictably to ob-
tain a desired optical power.

[0004] Accordingly, there is a need to improve control
of piezoelectric loads, e.g. piezoelectric loads for actuat-
ing deformable lenses.

[0005] There is also a need for obtaining information
about the state, e.g. health state or change of piezoelec-
tric characteristics, of the piezoelectric load due to aging.

SUMMARY

[0006] In general it is an object to improve control of
piezoelectric loads.

[0007] Itis a further object of the present invention im-
prove control of piezoelectric loads used for actuating
deformable lenses.

[0008] It is also an object of the present invention to
provide methods for characterising the state of the pie-
zoelectric element and to obtain other advantages such
as power savings, and to predict short-term piezoelectric
characteristics, such as a sensitivity of the piezoelectric
actuator as a function of an applied voltage.

[0009] Inafirstaspectoftheinvention thereis provided
an electronic circuit for controlling charging of a piezoe-
lectric load. The electronic circuit comprises a charge
pump configured to supply a charging current to the pi-
ezoelectric load dependent on a charge control signal.
The circuit further comprises a measurement circuit con-
figured to obtain a load voltage corresponding to a ter-
minal voltage at a load terminal of the piezoelectric load,
and a comparator circuit configured to compare an ad-
justable reference voltage with the load voltage. The
electronic circuit is configured to determine the charge
control signal dependent on the comparison so that the
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control signal controls delivery of the charging current
dependent on the comparison. The electronic circuit is
further configured to set the adjustable reference voltage
to a target voltage and to set the adjustable reference
voltage to a low limit voltage, being lower than the target
voltage, after the load voltage has reached the target
voltage.

[0010] The magnitude of the charging current is de-
pendent on the size of the pump capacitors and other
physical parameters which remain constant during the
lifetime of the circuit. Therefore the output voltage / output
current capacity will be repeatable for any given circuit
over its lifetime. The control circuit may also be able to
control the magnitude of the charging current from the
pump by for example adjusting a clock frequency (1/ts)
of a signal controlling the charge transfer within the
charge pump.

[0011] The purpose of the electronic circuit is to allow
the load voltage to fluctuate in a programmable voltage
range between the target voltage and the low limit volt-
age. During this period the charge pump is switched off
so that noise emitted by the charge pump and electronic
circuit is minimised. At the same time, the current con-
sumed by the electronic circuit may be further reduced
by temporarily switching off other parts of the circuit, such
as the measurement circuit, so that lifetime of the battery
which powers the circuit may be extended.

[0012] According to an embodiment, the electronic cir-
cuit is configured to generate the charge control signal
dependent on the comparison so that the control signal
controls the charge pump to supply the charging current
if the reference voltage is larger than the load voltage.
[0013] According to an embodiment, the electronic cir-
cuit electronic circuit is further configured to generate the
charge control signal dependent on the comparison so
that the control signal controls the charge pump to stop
supplying the charging current if the reference voltage is
smaller than the load voltage or after the load voltage
has reached the target voltage.

[0014] According to an embodiment, the electronic cir-
cuit is configured to set the adjustable reference voltage
to the target voltage, after the load voltage has reached
the low limit voltage.

[0015] Accordingly, the electronic circuit may be con-
figured to alternately 1) generate the charge control sig-
nal so that the control signal controls the charge pump
to stop supplying the charging current (or to maintain at
state where charging current is not supplied) if the refer-
ence voltage, e.g. low limit voltage, is smaller than the
load voltage or if the load voltage has reached the refer-
ence voltage and 2) set the adjustable reference voltage
to the target voltage, after the load voltage has reached
the low limit voltage so that control signal controls the
charge pump to supply the charging currentagain as long
as the reference voltage, e.g. the target voltage, is larger
than the load voltage.

[0016] Accordingly, the load voltage of the piezoelec-
tricload is automatically adjusted so that the piezoelectric
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load is controlled to keep a desired elongation within lim-
its. Accordingly, a deformable lens actuated by the pie-
zoelectricload may be controlled so that the optical power
remains within predetermined max and min values.
[0017] According to an embodiment, the electronic cir-
cuit is configured to obtain the load voltage at discrete
points in time or sampling instants. Advantageously, by
obtaining the load voltage at discrete points in time, dis-
charging of the piezoelectric load is reduced. The circuit
may be put in a low-power mode (by switching off parts
of the circuits or reducing system clock frequency) be-
tween these sampling instants to further reduce power
consumption and noise emission. According to an em-
bodiment, the electronic circuit further comprises a coun-
ter circuit configured to determine a charging or discharg-
ing time between afirst pointin time when the load voltage
has a first voltage and a second point in time when the
load voltage has a second voltage.

[0018] According to a related embodiment, the first
point in time is a point in time wherein the charge pump
initiates charging wherein the first voltage is an initial load
voltage.

[0019] Since the charging current is known and since
the charging time can be determined by the counter cir-
cuit, the capacitance of the piezoelectric load during
charging can be determined, e.g. for the purpose of char-
acterising the state of the piezoelectric load.

[0020] Accordingto an embodiment, the electronic cir-
cuit further comprises a current sink for discharging the
piezoelectric load with a controllable sink current.
[0021] For example, the current sink may be a voltage
reduction circuit, e.g. comprised by the measurement cir-
cuit, where the voltage reduction circuit is connected to
the load for reducing the terminal voltage to the load volt-
age.

[0022] In another embodiment, the electronic circuit is
configured for isolating the measurement circuit from the
load in between sampling instants (ts). In this way, the
current draw from the load in the hold state may be min-
imized, by only connecting the measurement circuit, and
the associated current draw, momentarily at each sam-
pling instant.

[0023] Itmaybeanadvantagetouse the voltage meas-
urement circuit for discharging the piezoelectric load dur-
ing discharging phases, so that other sink circuits are not
required. When the discharging current drawn by the volt-
age measurement circuit and a measurement duty cycle
are known, and the discharging time between two volt-
ages has been determined, the capacitance of the pie-
zoelectric load can be determined or approximated. The
resolution of this measurement is determined by the sam-
pling frequency (1/ts), the rate of change of load voltage,
and the approximated charging or discharging current.
[0024] According to an embodiment, the first point in
time is the time when load voltage has reached the target
voltage, and the second point in time is the time when
the load voltage has reached the low limit voltage, and
the piezoelectric load has been discharged substantially
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by a leakage current comprising a leakage current of the
piezoelectric load and a measurement current drawn at
least by the measurement circuit.

[0025] In an embodiment, the charging current is an
adjustable charging current, depending on the charge
control signal from the electronic circuit. In this way, the
rate of change of the load voltage during charging may
be manipulated by adjusting the charging current. An ad-
vantage of this is either to increase the resolution of a
capacitance measurement, or to adjust the rate of
change according to application requirements. Such re-
quirements could be a desired rate of change of the load
voltage or to accommodate for different capacitive loads
in a multi-load system.

Analogously, the sink current may be made adjustable
for essentially the same reasons.

[0026] A second aspect of the invention relates to a
piezoelectric actuator system comprising, an electronic
circuit according to the first aspect, and the piezoelectric
load.

[0027] A third aspect of the invention relates to a de-
formable lens unit. The lens unit comprises the piezoe-
lectric actuator system according to the second aspect,
and a deformable lens arranged to be deformed by the
piezoelectric load. The piezoelectric actuator system is
configured to deform the lens to achieve different optical
powers.

[0028] In an embodiment related to the deformable
lens unit, the electronic circuit is configured to set the
target voltage and/or low limit voltage dependent on a
control parameter.

[0029] Accordingly, the reference voltage used for set-
ting the target voltage or low limit voltage may be set
dependent on other parameters, e.g. parameters relating
to settings of a camera containing the lens unit.

[0030] A fourth aspect of the invention relates to a
method for controlling charging of a piezoelectric load.
The method comprises supplying a charging current to
the piezoelectric load dependent on a charge control sig-
nal. The method further comprises obtaining a load volt-
age corresponding to a terminal voltage at a load terminal
of the piezoelectric load, and comparing an adjustable
reference voltage with the load voltage. Finally, the meth-
od comprises determining the charge control signal de-
pendent on the comparison so that the control signal con-
trols delivery of the charging current dependent on the
comparison, and setting the adjustable reference voltage
to a target voltage and setting the adjustable reference
voltage to a low limit voltage being lower than the target
voltage, after the load voltage has reached the target
voltage.

[0031] According to an embodiment of the method,
adapted for controlling charging of multiple loads, the
method further comprises supplying a second charging
current to a second piezoelectric load dependent on a
second charge control signal (135), and obtaining a sec-
ond load voltage corresponding to a terminal voltage at
a second load terminal of the second piezoelectric load.
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Then comparing a second adjustable reference voltage
with the second load voltage, and determining the second
charge control signal dependent on the comparison so
that the second control signal controls delivery of the sec-
ond charging current dependent on the comparison. Fi-
nally, setting the second adjustable reference voltage to
a second target voltage (VT) and setting the adjustable
reference voltage to a second low limit voltage (Viow)
being lower than the second target voltage, after the sec-
ond load voltage has reached the second target voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] Embodiments ofthe invention will be described,
by way of example only, with reference to the drawings,
in which

Fig. 1 illustrates a first embodiment of electronic cir-
cuit for controlling charging of a piezoelectric load,
Fig. 2 illustrates changes in the load voltage during
charging and discharging phases,

Fig. 3 illustrates a deformable lens unit,

Fig. 4 illustrates an example for determining the ca-
pacitance during charging phases,

Fig. 5illustrates an example for determining the leak-
age current of the piezoelectric load,

Fig. 6 illustrates a second embodiment of an elec-
tronic circuit for controlling charging of a piezoelectric
load, and

Fig. 7 illustrates a third electronic circuit for control-
ling charging of multiple piezoelectric loads.

DESCRIPTION OF AN EMBODIMENT

[0033] Fig. 1 shows an electronic circuit 100 for con-
trolling charging of a piezoelectric load 190, e.g. a pie-
zoelectric based actuator. The electronic circuit is also
referred to as a piezo driver 100.

[0034] The electronic circuit comprises a charge pump
111 configured to supply a charging current to the pie-
zoelectric load 190 dependent on a charge control signal
131. The charge pump is an electronic circuit, e.g. a volt-
age to current amplifier capable of generating a control-
lable current dependent on an input voltage. Thus, the
charge pump may be capable of generating a constant
current for charging the piezoelectric load or other ca-
pacitive loads. The magnitude of the charging current
can be further controlled by for example adjusting the
clock frequency of the charge pump. This allows manip-
ulating the resolution of the capacitance measurement,
since the charging slope can be changed while a fre-
quency of the counter circuit is kept unchanged.

[0035] The electronic circuit further comprises a volt-
age measurement circuit 113 configured to determine a
load voltage corresponding to a terminal voltage ata load
terminal of the piezoelectric load. The terminal voltage
is the voltage, e.g. relative to the ground voltage, at an
electrical connection arranged to receive the charging
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current.

[0036] The measurement circuit 113 may be config-
ured as a resistive circuit 113a, e.g. a resistive voltage
divider, which provides a down-scaled voltage corre-
sponding to the terminal voltage, i.e. the load voltage.
[0037] The measurement circuit 113 may also be em-
bodied by or include an analogue-to-digital converter, i.e.
an AD converter capable of converting the terminal volt-
age or a down-scaled terminal voltage to a digital value.
The measurement circuit 113 could also be configured
as a capacitive voltage measurement circuit.

[0038] The electronic circuit further comprises a com-
parator circuit 114 configured to compare an adjustable
reference voltage 132 with the load voltage, and sends
a binary signal (133) to the control unit indicating which
of the comparator inputs has the highest voltage.
[0039] The electronic circuit 100, e.g. the control logic
121, is configured to determine the charge control signal
131 dependent on the comparison so that the charge
control signal 131 controls delivery of the charging cur-
rent dependent on the comparison, i.e. dependent on the
output 133 from the comparator circuit 114. The charge
pump may be controlled to start, stop or continue delivery
of the charging current dependent on the comparison
between the adjustable reference voltage 132 and the
load voltage. The magnitude of the charging current of
the pump can be adjusted by host-controlled parameters
in the control unit, such as an input or clock frequency of
the signal controlling the charge transfer within the
charge pump .

[0040] The electronic circuit 100 is configured to set
the adjustable reference voltage to a target voltage and
to set the adjustable reference voltage to a low limit volt-
age after the load voltage has reached the target voltage,
where the low limit voltage is a lower than the target volt-
age. As an example, the electronic circuit 100 may be
configured with a voltage reference controller 115 capa-
ble of generating and adjusting the adjustable reference
voltage 132, e.g. based on a reference signal 134 from
the control logic 121. In some embodiments, the voltage
reference controller 115 may be implemented as a digital-
analogue-converter (DAC), while in other embodiments,
the voltage reference controller may be implemented as
a pulse-width-modulation modulator followed by an inte-
grator. The adjustable reference voltage 132 could also
be determined by the control logic 121 without use of the
reference controller 115.

[0041] Accordingly, the electronic circuit 100 is capa-
ble of controlling charging of the piezoelectric load by
determining the charge control signal 131 so that the load
190 is charged or not charged by the charge pump de-
pendent on the comparison between the reference volt-
age and the load voltage.

[0042] The electronic circuit may further comprise a
load switch 112 connected to the piezoelectric load 190,
the output of the charge pump 111 and the measurement
circuit 113. Accordingly, the load switch is controllable,
e.g. via switch signal 135, to connect and disconnect the
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load 190 from the output of the charge pump 111 and
the voltage measurement circuit 113.

[0043] The adjustable reference voltage 132, the ref-
erence signal 134, the switch signal 135 and/or the
charge control signal 131 may be determined by the con-
trol logic 132, e.g. dependent on driving parameters sup-
plied to the control logic 132 via a control interface 123.
[0044] The electronic circuit 100 may configured to
generate the charge control signal 131 so that control
signal controls the charge pump to supply the charging
currentif the reference voltage 132 is larger than the load
voltage. Accordingly, as long the load voltage has not
reached the reference voltage, e.g. a desired target volt-
age for the piezoelectric load, the charging of the load
190 is continued.

[0045] The electronic circuit 100 may be configured to
generate the charge control signal dependent on the
comparison so that the control signal controls the charge
pump to stop supplying the charging current if the refer-
ence voltage is smaller than the load voltage. According-
ly, as long the load voltage has not decreased to the low
limit voltage no current is supplied to the piezoelectric
load. In the phase where the charging is stopped, one or
more electronic components of the electronic circuit 100,
e.g. the voltage measurement circuit 113, may be
switched off in order to reduce electronic noise. This
phase may also be referred to as the low noise phase or
discharging phase.

[0046] Fig. 2 illustrates the function of the electronic
circuit 100 by showing changes in the load voltage Vload,
during charging phase 200, refresh charging phases 201
and hold phases 202. The piezoelectric load 190 is ini-
tially charged from VO, e.g. zero volt, up to the target
voltage VT. Accordingly, during the initial charging from
VO to VT, the adjustable reference voltage is set to VT.
After the load voltage has reached the target voltage VT,
the adjustable reference voltage is set to the low voltage
limit Vlow and the charging of the load 190 is stopped,
e.g. by switching the charge pump 111 off. As long as
the load voltage, measured by the voltage measurement
circuit 113, is greater than the Vlow, the discharging
phase is maintained. When the load voltage reaches the
low limit voltage Vlow, the adjustable reference voltage
is set to the target voltage and a new refresh charging
phase 201 is initiated. After the charging phase 200 or
refresh charging phase 201 the circuit may enter the hold
phase 202. During the hold phase the purpose may be
to preserve the charge on the load 190. Therefore the
switch 112 may be opened to isolate the load, and closed
at intervals to measure the voltage on the load to deter-
mine if itis necessary to initiate a refresh charging phase
201. The length of the hold phase can be used to approx-
imate the leakage current of the load when the duty cycle
is low. The effective measurement current is calculated
by summing the approximate leakage current of the
switch 112 and the duty-cycle corrected current drawn
by the measurement circuit 113. The duty cycle can be
calculated as the time the switch 112 is closed for per-
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forming the voltage measurement as a percentage of the
sample cycle time TS. The measurement time may be in
the range from 100ns to 10us, whereas the sampling
cycle time TS may be in the range from 0.1ms to 10ms
during the hold time 202. The current drawn by the meas-
urement circuit may be in the order 1uA to TmAuA. By
adjusting the measurement current and measurement
duty cycle a very wide range of effective measurement
current corrected for duty cycle may be achieved.
[0047] For example, when the load voltage reaches
the target voltage, the output voltage 133 of the compa-
rator 114 may change to a high level. This change is
detected by the logic circuit 121 which causes a setting
of the adjustable reference voltage 132 to the low limit
voltage. When the load voltage has decreased to the low
limit voltage, the output voltage 133 of the comparator
114 may change to a low level. This change is detected
by the logic circuit 121 which causes a setting of the ad-
justable reference voltage 132 to the target voltage. At
the same time the logic circuit 121 may generate a charge
control signal 131 which causes the charge pump 111 to
be switched on.

[0048] Accordingly, the electronic circuit, e.g. the con-
trol logic 121, may configured to set the adjustable ref-
erence voltage to the target voltage, after the load voltage
has reached the low limit voltage and configured to set
the adjustable reference voltage to the low limit voltage,
after the load voltage has reached the target voltage.
[0049] The electronic circuit may be configured to per-
form the comparison of the adjustable reference voltage
with the load voltage either continuously or at discrete
points in time. For example, as illustrated in Fig. 2, the
comparison may be performed at discrete time points ts.
The discrete time points ts may be separated in time by
a fixed period of time Ts or the separation may be non-
constant, e.g. adjustable dependent on the charging, re-
fresh charging and hold phases 200, 201, 202. The com-
parison at discrete points in time may also involve sam-
pling the load voltage at the same or substantially the
same discrete points in time within a hold phase. The
sample rate may preferably be varied depending on an
expectation of the current extracted from the load or sup-
plied to the load.

[0050] By discrete time points is meant that the com-
parison and/sampling is performed at distinct, separate
points in time. In other words the comparison is per-
formed intermittently in time with a given measurement
frequency. This measurement frequency can be set via
the control interface 123.

[0051] With reference to Fig. 1, the comparison of the
adjustable reference voltage with the load voltage at dis-
crete points in time may be performed by controlling the
switch 112 to connectthe load 190 with the measurement
circuit 113, optionally also with the charge pump 111 de-
pending on the configuration of the electronic circuit 100,
at intermittently in time. For example, at the time points
ts, the switch 122 is controlled to establish a connection
between the load 190 and the measurement circuit 113,
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optionally also with the charge pump 111. Itis understood
that the connection is maintained for a given period of
time, e.g. a period in the range from a few nanoseconds
to several microseconds, e.g. in the range from 100ns to
10us, such as from 200ns to 5us, or even from 400ns to
2us, for each time point ts.

[0052] Accordingly, the electronic circuit may be con-
figured to obtain the load voltage at discrete points in
time, e.g. by activating the switch 112, in order to perform
the comparison of the adjustable reference voltage with
the load voltage at discrete points in time.

[0053] Alternatively, the load voltage may be meas-
ured continuously or with a given sampling rate and the
and electronic circuit 100 may be configured so that the
comparison of the adjustable reference voltage with the
load voltage is performed at discrete points in time.
[0054] Since the piezoelectric load is discharged by a
small amount of charge each time the switch 112 is
closed, i.e. each time the load voltage is sampled and
compared with the adjustable reference voltage 132, it
may be desirable that the period of time where the switch
112 is closed or where the comparison is performed is
as small as possible, atleast during the discharging phas-
es 202.

Accordingly, the electronic circuit may comprise a switch
112 controllable to intermittently connect the load termi-
nal of the piezoelectric load 190 with the voltage meas-
urement circuit 112, e.g. with a given measurement fre-
quency. The switch may be a mechanical or an electronic
switch.

[0055] The electronic circuit 100 may be used in differ-
ent piezoelectric actuator systems which in addition to
the electronic circuit 100 also comprises the piezoelectric
load 190 or other capacitive loads. Accordingly, the elec-
tronic circuit 100 may be seen as a circuit suitable for
driving capacitive loads or actuators, where the capaci-
tive loads may be used for various actuating purposes.
The electronic circuit may even be used to drive multiple
loads, e.g. by having one switch 112 connected to each
load in turn.

[0056] The electronic circuit may be particularly useful
in a piezoelectric actuator system used in a deformable
lens unit 300 as illustrated in Fig. 3.

[0057] Fig. 3 illustrates a deformable lens unit 300
which includes:

- a piezoelectric actuator system 301 which includes
the electronic circuit 100 and the piezoelectric load
190, and

- adeformable lens 302 arranged to be deformed by
the piezo electric load 190, where the piezoelectric
actuator system 301 is configured to deform the lens
to achieve different optical powers.

[0058] The deformable lens unit 300 may be a micro
unit which further comprises a CCD chip or similar digital
image recording chip. The deformable lens 302 may be
a polymer lens or a glass lens which is connected (illus-
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trated with the dotted line) with the piezoelectric load 190
so that when the charging of the piezolelectric load 190
is changed the lens is deformed to achieve different op-
tical powers. An example of a deformable lens actuated
by piezoelectric elements is providedin WO2008100154.
[0059] Fig. 1 illustrates that the electronic circuit 100
may comprise a timer or a counter circuit 122. As illus-
trated in Fig. 2, the counter 122 is configured to determine
a charging or discharging time AT between a first point
in time ta when the load voltage has a first voltage Va
and a second point in time tb when the load voltage has
asecond voltage Vb. The counting frequency of the timer
may be set to match the maximum bandwidth of the com-
parator circuit so that events are captured with maximum
practical time resolution. A typical counting frequency c
could be in the range 100KHz to 10MHz, such as in the
range from 300KHz to 3MHz, depending, e.g., on the
capacitance of the load.

[0060] For example, the logic circuit 121 may be con-
figured to start the timer when the comparator output 133
provides a change indicating that the load voltage corre-
sponds to the first voltage Va and to stop the timer when
the comparator output 133 provides another change in-
dicating the load voltage corresponds to the second volt-
age Vb. The first and second voltages Va, Vb may be set
as adjustable reference voltages so that the comparator
114 generates a change in the output 133 when the load
voltage equals the adjustable reference voltage. The dif-
ference AT between the first and second points in time
may be used for determining a capacitance of the piezo-
electric load 190 during charging and discharging phases
201, 202.

[0061] In general the capacitance may be determined
by the formula:

C(v) = (I * AT)/(Vb-Va)

where C(v) is the average capacitance of the piezo ele-
ment between the voltages Va and Vb. | is a known or
estimated charging or discharging current.

[0062] Fig. 4 illustrates an example for determining the
capacitance during charging phases. Here the first point
intimetais apointintime where the charge pump initiates
charging with a charging current Ip and where the first
voltage Va is an initial load voltage V0. Here the initial
voltage VO could be a zero voltage corresponding to a
completely discharged piezoelectric element.

[0063] The first pointin time ta could also be a pointin
time where the charge pump initiates charging with a
charging current Ip from the low limit voltage Viow, i.e.
where Vlow represents the first voltage Va.

[0064] The first pointin time ta could also be a pointin
time where the charge pump initiates or continues charg-
ing with a charging current Ip from intermediate voltages.
[0065] The second point in time tb could be a point in
time where the charge pump stops or continues charging
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with a charging current Ip and where the second voltage
Vb is a final load voltage, e.g. the target voltage VT, or
other intermediate voltages.

[0066] Fig. 4 illustrates the discrete measurement
times ts during the charging phase.

[0067] The capacitance during charging phases can
be determined using:

C(v) = (Ip * AT)/(Vb-Va).

[0068] Analogously, the capacitance C(v) could be de-
termined during discharging phases wherein the first
point in time ta is a point in time where the piezoelectric
load 190 is discharged with a predetermined sink current
Is and where the first voltage Va is an initial load voltage,
e.g. VT or other intermediate voltages. The sink current
may be provided by a current sink, e.g. by discharging
the load 190 though the measurement circuit 113 by
keeping the switch 112 closed during the discharging.
The sink current could also be provided by other circuits,
e.g. a dedicated discharging resistor.

[0069] Accordingly, the electronic circuit 100 may fur-
ther comprise a current sink for discharging the piezoe-
lectric load with a sink currentls. For example, the current
sink may in one embodiment be a resistive circuit or a
voltage reduction circuit comprised by the voltage meas-
urement circuit 113, or constituting the voltage measure-
ment circuit 113, where the voltage reduction circuit or
resistive circuit is connected to the load 190 for reducing
the terminal voltage to the load voltage.

[0070] The capacitance during discharging phases
202 can be determined using:

C(v) = (Is * AT)/(Vb-Va).

[0071] The capacitance could be measured at period-
ically, e.g. after a predetermined number of uses or ex-
pansion cycles of the piezoelectric 190, during an initial
charging of the piezoelectric load 190.

[0072] In the example, where the sink current is pro-
vided by discharging the load 190 though the measure-
ment circuit 113 by keeping the switch 112 closed during
the discharging, the output resistance ofthe charge pump
111 is high. In practice, the discharging current through
the measurementcircuit 113 is much higher than the load
leakage current, i.e. the discharging current through the
piezoelectric load 190. Therefore, when the switch 112
is closed, the current lload flowing from the load 190 is
lload=1lkg+VR/R, where llkg is the load leakage current
and VR is the voltage across the resistive measurement
circuit 113. Here it is assumed that the resistance of the
measurement circuitis R, i.e. the total resistance through
which the load 190 is discharged. Since the load leakage
resistance is much higher than the resistance R of the
measurement circuit, we have the approximation II-
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oad=VR/R. Since the attenuator resistance R is known,
the selected drop voltage AV (see Fig. 5), and the dis-
charging time AT can be used to approximate the load
capacitance C(v) by the formula:

C(v)=AT*((VT-AV/2)/R)/AV

where C(v) is the average load capacitance between the
voltages Va and Vb, e.g. between VT and Vlow, and
AV=Va-Vb.

[0073] The control logic 121 may be configured to de-
termine the capacitance C(v), during charging or dis-
charging phases, at different voltages in order to deter-
mine a Capacitance versus Voltage curve (CV-curve).
The voltage for a given capacitance measurement may
be given as the average (Vb-Va)/2 of the first and second
voltages and the counter 122 is used to determine the
period AT between the first and second voltages Va and
Vb.

[0074] The capacitance as a function of voltage of a
piezoelectric load may change over time. Similarly, other
performance-related characteristics of the piezoelectric
load may change over time. Accordingly, changes in the
CV curve may indicate changes of such other perform-
ance-related characteristics.

[0075] Fig. 5illustrates an example where the first point
in time ta is the time when the load voltage has reached
the target voltage VT (the first voltage) and the second
point in time tb is the time when the load voltage has
reached the low limit voltage Vlow (the second voltage).
Here the piezoelectric load has been discharged sub-
stantially by a leakage current llkg comprising a leakage
current of the piezoelectric load 190 Itrue and a meas-
urement current Im drawn at least by the measurement
circuit 113, i.e. llkg = Itrue + Im.

[0076] The leakage current lIkg is given by

Ilkg = (C(v) x AV) / AT

where C(v) is the average capacitance of the load 190
between the voltages VT and Vlow, e.g. determined by
C(v) = (Is * AT)/(Vb-Va), and AV is the allowable droop
voltage given by AV=VT-Vlow. If the current Im drawn by
the measurement circuit is known, then the true leakage
current can be determined as

Itrue = Ilkg - Im.

[0077] The current Im, or average current Im, drawn
by be measurement circuit 113 during a discharging pe-
riod 202, can be determined since the load voltages at
the measurements points ts are known and since the
duration ts of each measurement ts is known.

[0078] In order to minimise the measurement current
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Im, the load voltages may be obtained intermittently at
discrete points in time ts, e.g. by activating the switch
112 for short times at the time points ts, so that only a
small current is drained from the load 190 through the
measurement circuit 113.

[0079] The determination of the leakage current ltrue
of the piezoelectric load 190 may be used for performing
a test of piezoelectric load 190. E.g. if ltrue is high, e.g.
greater than an average value of historic values of Itrue,
this may indicate a problem with the piezoelectric load.
[0080] The electronic circuit 100, e.g. the control logic
121, may be configured to set the target voltage (VT),
the low limit voltage (Vlow) or both dependent on a re-
ceived control parameter. Furthermore, the electronic cir-
cuit 100 may be configured to set the sampling period Ts
and the sampling duration ts dependent on a received
control parameter. For example, the control parameter
may be received via the control interface 123.

[0081] The control logic 121 may also be configured
to send determined measurements of the charging or
discharging time AT, the leakage current (llkg or ltrue)
via the control interface 123, e.g. for further processing
by an external processing unit.

[0082] In relation to a specific use of the electronic cir-
cuit 100 in a deformable lens unit 300, the discharging
phase 202, i.e. the low noise phase, may be used using
during imaging using an image chip. Accordingly, the dis-
charging time AT or part of the discharging time AT may
be used as the exposure time of an image chip, i.e. the
exposure time where the pixels of the chip accumulates
charges generated by incoming photons. Since the
charge pump 112 is deactivated (turned off or in a sleep-
ing mode) the noise sensitive image sensor is not affect-
ed by electronic noise from the image sensor. It is noted
that the sampling period Ts may be increased during the
discharging period in order to further reduce noise or to
reduce the leakage current through the measurement
circuit 113.

[0083] In general an exposure time may be substan-
tially equal to the discharging period AT, the exposure
time may constitute a fraction of the discharging period
AT, or the exposure time may be constituted by a plurality
of discharging periods AT and/or fractions of discharging
periods AT.

[0084] Since the optical power, i.e. focal length, of the
lens changes dependent on the decreasing load voltage
Vload during the low noise period, the image of the image
ontheimage sensor changes, e.g. image sharpness may
decrease during the exposure time. Ideally the optical
power should be constant during the exposure period.
On the other hand, some variation of the optical power
may be acceptable if the variation does not reduce image
quality significantly. The acceptable variation of the op-
tical power during an exposure period may depend on
the desired focal distance (set by target voltage VT), light-
ing conditions and e.g. user preferences. By setting the
low limit voltage VIow to a suitable level, e.g. via an input
from the control interface 123, the piezoelectric load 190,
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i.e. the lens actuator, can be controlled so that it is en-
sured that the optical power does not decrease below an
acceptable value of the optical power.

[0085] Fig. 6 illustrates an embodiment using a differ-
ential drive option of the load. This embodiment relates
to the embodiment shown in Fig. 1, and like reference
numerals refer to identical or similar parts or components.
Thus the relevant parts of fig. 1 are repeated. The output
switch 112 is replaced by the differential drive output
switches 112a and 112b. These switches connect the
load terminals either to GND or to the charge pump out-
put. This way it is possible to reverse the polarity of the
load 190 without generating a negative voltage referred
to GND. When one polarity is selected, the "negative"
load terminal is connected to GND, and the other "posi-
tive" terminal is either high impedance or connected to
charge pump output 111 or measurement / voltage re-
duction circuit 113 as described above. By reversing the
roles of the switches 112a and 112b the polarity is re-
versed.

[0086] Fig. 7 illustrates an embodiment wherein one
driver is used to control multiple loads. The charge pump
111 and voltage monitor / reduction circuit 113 is con-
nected to asetofloads 1904 190,... 190, via the switches
1124 112,... 112,,. At any time, one or several loads with
the same target voltage is connected to the charge pump
111 and voltage monitor/ reduction circuit 113. The other
loads are put in high impedance, thus preserving the
charge on each load. The controller will connect each
load/setofloads in any order depending on the allowable
voltage variation permitted at each load.

[0087] In one embodiment, one or more of the loads
may be differential as illustrated in fig. 6.

While the invention has been illustrated and described
in detail in the drawings and foregoing description, such
illustration and description are to be considered illustra-
tive or exemplary and not restrictive; the invention is not
limited to the disclosed embodiments. Other variations
to the disclosed embodiments can be understood and
effected by those skilled in the art in practicing the
claimed invention, from a study of the drawings, the dis-
closure, and the appended claims. In the claims, the word
"comprising" does not exclude other elements or steps,
and the indefinite article "a" or "an" does not exclude a
plurality. A single processor or other unit may fulfil the
functions of several items recited in the claims. The mere
fact that certain measures are recited in mutually different
dependent claims does not indicate that a combination
of these measures cannot be used to advantage. A com-
puter program may be stored/distributed on a suitable
medium, such as an optical storage medium or a solid-
state medium supplied together with or as part of other
hardware, but may also be distributed in other forms,
such as via the Internet or other wired or wireless tele-
communication systems. Any reference signs in the
claims should not be construed as limiting the scope.



15 EP 3 190 637 A1 16

Claims

An electronic circuit (100) for controlling charging of
a piezoelectric load (190), the electronic circuit com-
prises

- a charge pump (111) configured to supply a
charging current to the piezoelectric load de-
pendent on a charge control signal (131),

- a measurement circuit (113) configured to ob-
tain a load voltage corresponding to a terminal
voltage at a load terminal of the piezoelectric
load,

- a comparator circuit (114) configured to com-
pare an adjustable reference voltage with the
load voltage, where

- the electronic circuit is configured to determine
the charge control signal dependent on the com-
parison so that the charge control signal controls
delivery of the charging current dependent on
the comparison, and where

- the electronic circuit is configured to set the
adjustable reference voltage to a target voltage
(VT) and to set the adjustable reference voltage
to a low limit voltage (Vlow), being lower than
the target voltage, after the load voltage has
reached the target voltage.

The electronic circuit according to claim 1, wherein
the electronic circuit is configured to generate the
charge control signal (131) dependent on the com-
parison so that control signal controls the charge
pump to supply the charging current if the reference
voltage is larger than the load voltage.

The electronic circuit according to any of the preced-
ing claims, wherein the electronic circuit is further
configured to generate the charge control signal de-
pendent on the comparison so that the control signal
controls the charge pump to stop supplying the
charging current if the reference voltage is smaller
than the load voltage.

The electronic circuit according to any of the preced-
ing claims, wherein the electronic circuit is config-
ured to set the adjustable reference voltage to the
target voltage, after the load voltage has reached
the low limit voltage.

The electronic circuit according to any of the preced-
ing claims, wherein the electronic circuit is config-
ured obtain the load voltage at discrete points (ts) in
time.

The electronic circuit according to any of the preced-
ing claims, further comprising

- a counter circuit (122) configured to determine
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10.

1.

12.

13.

14.

a charging or discharging time (AT) between a
first point in time (ta) when the load voltage has
a first voltage (Va) and a second point in time
(tb) when the load voltage has a second voltage
(Vb).

The electronic circuit according to claim 6, wherein
the first point in time is a point in time wherein the
charge pump initiates charging wherein the first volt-
age is an initial load voltage.

The electronic circuit according to claim 6, further
comprising a current sink for discharging the piezo-
electric load with a sink current.

The electronic circuitaccording to any of the previous
claims being configured for isolating the measure-
ment circuit from the load in between sampling in-
stants (ts).

The electronic circuit according to claim 6, wherein
thefirst pointintime (ta) is the time when load voltage
has reached the target voltage (VT), and the second
point in time (tb) is the time when the load voltage
hasreached the low limit voltage (Vlow), and wherein
the piezoelectric load has been discharged substan-
tially by a leakage current (llkg) comprising a leakage
current (ltrue) of the piezoelectric load (190) and a
measurement current (Im) drawn at least by the
measurement circuit (113).

The electronic circuit according to any one of the
preceding claims, wherein the charging currentis an
adjustable charging current, depending on the
charge control signal (131) from the electronic circuit.

A piezoelectric actuator system comprising,

- an electronic circuit (100) according to any of
the previous claims and
- the piezoelectric load (190).

A deformable lens unit (300) comprising,

- the piezoelectric actuator system (301) accord-
ing to claim 12, and

- a deformable lens (302) arranged to be de-
formed by the piezoelectric load (190), where

the piezoelectric actuator system (301) is configured
to deform the lens to achieve different optical pow-
ers.

The deformable lens unit according to claim 13,
wherein the electronic circuit is configured to set the
target voltage (VT) and/or low limit voltage (Viow)
dependent on a control parameter.
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15. A method for controlling charging of a piezoelectric
load (190), the method comprises:

- supplying a charging current to the piezoelec-

tric load dependent on a charge control signal 5
(131),

- obtaining a load voltage corresponding to a
terminal voltage at a load terminal of the piezo-
electric load,

- comparing an adjustable reference voltage 170
with the load voltage,

- determining the charge control signal depend-

ent on the comparison so that the control signal
controls delivery ofthe charging current depend-

ent on the comparison, and 15
- setting the adjustable reference voltage to a
target voltage (VT) and setting the adjustable
reference voltage to a low limit voltage (Viow)
being lower than the target voltage, after the load
voltage has reached the target voltage. 20

16. The method according to claim 15, wherein the meth-
od further comprises:

- supplying a second charging current to a sec- 25
ond piezoelectric load dependent on a second
charge control signal (135)

- obtaining a second load voltage corresponding

to a terminal voltage at a second load terminal

of the second piezoelectric load, 30
- comparing a second adjustable reference volt-

age with the second load voltage,

- determining the second charge control signal
dependent on the comparison so that the sec-

ond control signal controls delivery ofthe second 35
charging current dependent on the comparison,

and

- setting the second adjustable reference volt-

age to a second target voltage (VT) and setting

the second adjustable reference voltage to a 40
second low limit voltage (Vlow) being lower than

the second target voltage, after the second load
voltage has reached the second target voltage.
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